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STABILITY DERIVATIVE MEASUREMENTS WITH 
*

MAGNETICALLY SUSPENDED CONE-CYLINDER MODELS

* *  +D.Bharathan and S.S.Fisher
University of Virg in ia , Char lottesv ille , VA 22901

~tests are aimed primarily at evaluatinq
ABSTRACT the practicality or ~easurinq stability

der ivatives ~!l~h this apparatus. Fo~ the
experimen ts, the nominal  objective ‘..‘as to

In an initial feasibility study, the measure the pitching—moment derivative
stal)i l ity der ivat ives, c , C + c and , particularly, th e pitch—darnpina

51 m~ m derivative for each model. Aftor an
C
~ and ~~~ + C~ for 5- and 7-caliJ~er anal ytical model for the motion was

~ q developed and the data were obtained , it
cone— cyl inder models have been mea sured at was found that side—force and side—moment—
N = 0.071 and Re = l . 3 x l 04  by suspending damping derivatives also could be
each model electroTn acinetically in a ~~all  estimated .
subsonic wind tunnel , forc inq  it in
period ic, cor~ibined pitchina/heavinq motion
at freciuencies near piLch resonance , and APPARATUS
comparing its treeuency response with flow
to that without flow. Draq coefficients
are measured as wel l .  The apparatus  and The electromagnetic coil a r ranqenen t
techniques employed are described , the for the suspcnsion system is shown j r
anal ytical model used to extract  the F igure 1. A large pair of Felrnholtz coils
der ivat ives  from the response data is produces a un it o rm t ie ld  to m a g n e t i z e  th~outlined, t”pical response data are shown , model and a second pair of oppo sed coil s
comparisons are made with conventionally creates a strear,wise (vertical) oradiont
obtained , similar data from other in t h e  f ield at the c o nf i q u r a t i o n
f a c i l i t i e s, and a qeneral  assessment of centroid , the nominal model— support
the technigue is made , location . This qradient induces a torce on

the model ~th i ch  opposes i t s  ~“eiqht and
drag.  Third and f o u r t h  sots of coils

IhTRC ’DUCTION create lateral  ( h o r i z o n t a l )  g r ad i en t s  in
the t ie lci  which induce side forces on the
model. The J!elriholtz coils carry up to

Preliminarw stabil ity evaluations for 200 A and produce a field of up to 120 ,000r aerodynamic vehicles are usuall” carried A/rn at the riodel location . The vertical
Out either with sting—mounted models in gradient coils carr” up to 15(1 A and
kind tunnels or with model s in free produce a f ie ld  grad ien t  as h iqh  as
f l i g h t , In w ind—tunne l  test s , the 390 , 0 0 0  A/rn 2 at t h e  model.  The ho r i zon ta l
inf luence  of t h e  sting can be s ign i f i can t  gradient  coils carr”  up to 45 A and
and in free—tlight tests observation time produce a gradient as hiqh as 9,5(10 A /rn2
usua l ly  is severely limited and data at the model . All coils are water cooled .
retrieval is difficult. On th e otherhand ,
magnetic suspension of wi n d — t u n n e l  models
eliminates the fluid—mechanics aspects of
sting interterence without incurrinci the AIR FL
complexit ies of f r e e— f l i q h t  t e s tiny .

V E R T I C A L
GRADIENT ~~~~~~~~ MAGNETIZING

~‘— Tho present invest igation represents 
~~~~~~~~~~~ (2) COILS (2) —7an initial app lication to stabil ity

• testing of an electromagnetic suspension
system which has been operated at the
University of \‘irqinia over the past ten
years. It follows only a very few
s tab i l i ty  investigations of somewhat
blirnited scope conducted with magnetically
suspended models elsewhere f~—4-) . ~

.
~These
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The wind—tunnel test section is The models are made axisvmrnetric
inserted inside the group of coils. This because model roll is uncontrolled in this

tunnel is a small , fan—dr iven , open—return suspension system , and position control
tunnel with high contraction ratio. The and sensing would he prohibitively

difficult for a rolling, non—symme tric
test section is 11.4 cm h” 11.4 cm by 30.0 model . The overall size of the model and
cm long, the air speed for these tests was core are limited b” the wind tunnel ’s size
24 m/s , and the flow turbulence level was (which is in tur n limited by the space
0.4%. available between the coils) and the size

of the region over which the maanetic
field gradients are approximatel y

!~‘ode1 position is sensed optically constant. The relative sizing and mass of
using parallel light beams and silicon the aerodynamic shell and magnetic core.
photocells. A feedback control system ~~ together with the imposed magnetic field ,
then used to keel) tile model centered near are chosen to place the model’ s pi tch—
its nominal support location. ror th is , resonance freeuency above the bandwidth of
feedback signals indicative of the model ’ s the pos i t ion—control  system , a l low for a
position along each of three orthogonal reasonably large aerod ynamic drag,  and
axes , a f t e r  passing through appropriate keep the electromagnetic damping small.
compensating electronic networks, dr ive This selection leaves the control system ’s
power amplifiers supplying current to effectiveness essentially unaltered , while
respective sets of force coils, permitting adequate forced—motion

amplitudes to be achieved rather readily
near pitch resonance.

For the stability tests, the model is
forced periodically in combined pitching
and heaving motion. Fere , model pi tch PPOCFDURE
orientation is monitored bY sensing its
lateral position at separate stations
along its length . To reduce the eftects For the tests, the model is dr iven
of noise (due primarily to flow turbulence magnetically with a sinuso idal later al
and secondarily to structural vibration force over a series of Frenuoncies
and control—system noise), a 256—channel covering pitch resonance. Due to the fact
digital signal averaqer ~‘as used and the that the centers of mass or the model
several position—sensor and coil—current shell and core are not coincident , the
waveforms were averaged simultaneously by excitation force induces a comb,incd
mult iplexing the input to the averaqer. pitching and heaving motion (rn-edominantly

pi tching , since this  motion is lia h t lv
damped) .  To simp lif y i n t e rp re t a t ion  of

Other details concerning the the overall motion , the pitch—angle
apparatus as well as a more complete amplitude is always kept small, less thanreview ot its operation and development 

0.5 degree. Thus non—linear aerodynamicare given in Ref. 5. 
and electromagnetic effects on the model
motion are minimized. This also al]ows a
number of cross—coupled electromaaneticMODELS 
forces and moments acting on the model to
be neglected . A theoretical model for the
~~~~~~~ response is then used to extractThe two models emp loyed are simple es t imates  for unknown aerod”namic andcone—cy l inders.  For each , t h e  nose is a electromagnetic  c o e f f i c i e n t s .  This modelsharp cone 15.2 mrs long wi th  14 . 5  degree provides anal~~t ica l  expressions for thesemivertex angle. The c”lindrical model ’s transfer functions in pitch and in

• a f terbod y, 7 .8  mm in diameter , is 22 .9 mm heave . These expressions are a lgebra iclong for the 5—cal ibe r  model and 38 .3  mm f unc t i ons  of the aerod’~’namj c andlong for the 7—cal iber model .  The cylinder electromagnetic coefficients and the
is hollow , with an inner d iameter of 6.9 unknown coerficients are determined by
mm , and is machined f rom a sing le Luci te  f i t ting the mea sured da ta to th ese
rod . The magnetic part  of each model is a expressions in a least srnuare sense.
}~~1lov steel (AIS I— O l ) cy l inder  6 .9  mm OD
by 6 .3  mm 1D~~~v 12.7 mm long wh ic h  f i t s
tightly insid e the outer aerodynamic Transfer—function amplitudes and
shell . For each model , the downstream end phases are obtained upon computer
of the shell and the core are coincident processing the recorded averaqed position—• 
and the model base is carefully covered sensor waveforms and coil—current
with plastic tape. waveforms . In this , measured position—

sensor and f o r c e — c u r r e n t  c al i b r a t i o n s  are
used to convert raw—signal data to
positions , angles , velocities, and forces.
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Data ~~~~~~~~~~~ ~ ields plots versus
frequency of ( 1) t r a n s f e r — f u n c t i o n  ihere ,
amplitudes, Oo/F 0 arid w o/F o ~-‘here O~ 

a = axial  distance between the model’ s
the pitch ioplituee , w0 is the non— center of mass and center of nag—
dimensional heave velocity amplitude , and netization ,
F0 is the non—dimensional perturhing force C

~ ~
Cm l Cm 

= aerodynamic pi t ch ing
amplitud e, and (2) transfer—function phase a q momen t der ivat ives ,
angles ~ and 

~~~~
, the ang les by which  the C~ ~~~~~~~ = aerodynamic side—force

a a q der iva t ives ,
- :  pi tch orientation and the heave velocity g gravitational acceleration ,

lead the per tu rb ing for ce. * I~ ver tical gradient—coil current ,

Transf er func tion var ia tion s are 
i8 = mode l moment of iner tia ,

measured both with f low and without flow. k = magneti c pitch s t i f f n e ss,
Simple flow—oft (rather than vacuum) n = core shape factor ,(l—3N 5)/2(l—N )
measurements are satisfactory here because N = core axi al demagne ti z i ng  f actor ,still—a ir damping is negligible compared
to electromagnetic damping . From the flow— S = Laplace transform variable ,
off data , thie unknown electromagnetic y < = vertical coil force constant,
force and moment coetficjent s are c = magnetic damping moment coeffi—determined and , once these are known , the m
aerodynamic force  and moment c o e f r i c i o n t c  

c ient ,
c = magnetic damp ing force coeffi—

• can be determined from the flow—on data. Z cient ,
= model mass.

In developing these expressions , as
j u s ti f ied in R e f .  5, the effect of the

THEORETICAL T RANSFER FUNCTIONS hieaving . motion on the pitching motion is
neglected . i.e. the pitching motion is

In Ref. 5, the following analytical treated as that for a simple linear damped
expressions for the model transfer fun— oscillator . Also , magnetic dampinu in
ctions are derived : pitch and heave are assumed linearly

proportional to the pitchinq angular
w P 1 1 s’+ 2P2P 3s + P~ ) velocity and the hieavinq velocity ,

— = ( 1) respectively. For the small motion
F s [ s 2 + 2 P S P 6 5  + P~ ] amplitudes here, these latter assumption

are satisfac toril y accurate.

(2)
• F j s ’+ 2P 5 P 6 s + pfl

where T RANSFER FUNCTION DATA
6 F 1  = l/2~

= [ k + 2 , (;a — C — ac 1/i- m z ~ I leasured f l ow— o f f  v a r i a t i o n s  for thc
a 

~ pi tch t r a n s f e r  f u n c t i o n  for  the 5—ca l iber
2 P 2 P ~ = C t  - a ( C  +C ) — ( C  +c ) J / i B model  are shown in r igure  2.  The data  inm Z~~ Z

q 
mq th i s  f igure  and fo l lowing  f i g u r e s  are

= taken from four  sets of independent  r un s ,
P 2 

= [k+ ~~~I ( l + n ) a  — C ]/ i 5 
two each for  exc i t a t ion  along a separa te

6 ~) m lateral  axis .  Since wi th in  the s cat t e r  in
2P 5 P 6 = f~ +a

2 c — Ic +c ) J / i  the data the four  sets ident ica l , a l l  da ta
m z m. m Bq have been combined. For presentation , the

phase data is plotted as cos t rather than

• itself. The plotted curve through the
ampl i tude  data is a l e a s t — squ a r e s  f i t t e d

In these express ions , P 3  and P 6 rep- version of Eq. (2). A standard computer

resent  n a t u r a l  f r equenc i e s , P2 and ~~ 
code ( 6 )  was used to o b t a i n  th i s  f i t .

represent the associated damping factors , Using the values of P 1 (i=l ,6) determined

and P 1 and P4 are proportionality cons- for this  ma tch , the curve through the

• tants. phase data is obtained , i.e . the phase
curve is not a least—squares fit to the
phase data , hut is that correspond ing to
the P values determined from the
amplitude match. Of course , the plot ted
curves in this figure are merely those for
resonance of a simple damped oscillator.

* In this work , velocit~ is normal ized The amp litude exhibits a sharp pe~ k at the

with the airspeed , V , and electromagnetic 
resonant freciuency and across this peak

lateral force is normalized with the 
the phase changes rapidly by 180 degrees,

flow dynamic pressure times the model 
The excellent agreement between the

base area . For the aerodynamic parameters plotted curves and the data is convincing
evidence tha t  t h e  p i t ch ing  mot ion is

th e model base d iame ter is used a s the
normalizing length. properly modeled.

• 3
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I I I I ~t frequencies well below resonance,
- 

~c x ,. -
~~~~~ 

— as would be expected , cos ~ approacheszero, corresponding to~~~ -9O c~?qrees. The
dip in cos ~~ just below resonance is due
to pitch-heave coupling. The measured

• . overshoot in cos~~ just above resonance is
probably not real”. It could easil y be a
result of inaccuracies in the phase

~6~ measurement which become large wherever w 0
— 

is small . The s l igh t  drop in the cos ~S data below the predicted curve w it hW
increasing f also may not be rea l .  Txcept
near resonance , w decreases roughly as the
inver se of F , thus leading to increased

- inaccuracies in~ measurements. Since
values are determi”ned from matches to the
more accurate amplitude data , these
possible phase—measurement errors are

-I - D~~~-_. re la tively unimportant.

*

1~0 —  — 
- 

I 1 I I 
—

-
~ 

I 001 Frequency f 0.1 -

Figure 2 Pitch Transfer Function 
- -

5-Caliber Model , Flow Of f

:
o I_ -

Flow—oft heave transfer function data ~
for this model are shown in Fiqure 3. The -

curve plotted through the anplitude data - -

in this figure is the least—scouares fitted ~‘ - -
variation of Eq. (1) and the  curve
accompanying the phase data is that t - f~ —~ -corresponding to the P~ va lues  determined a A

from the amp litude match. The sharp ~
excursions in the amplitude data show ~ ~~~~~
that , while  the e f f ec t  of heave on pi tch  ~~~~~~~~~ 

—

near resonance can be neglected , the
reverse effect cannot. This excursion
occurs because the net side force on the -

model is the sum of the imposed f orc e, F, -
- - and a second component, with both magnetic . -

and gravitational contributions, induced
by model pitch. Below resonance , 0 and F I I I I

are in phase, the two components add , and O’OI F Anuencu f 01
the heave amplitude increases with M I

increasing pitch amplitude. Above

resonance, O and F are 180 degrees out of Fi gure 3 Heave Transfer Function
phase and the result is the observed dip. 5 Caltber Model, Flow Off

• 4
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Corresponding flow-on response data
for this model are shown in 5igures 4 and opposite in sian to and oreater in
5. Again, the lines through the amplitude maqnitude than the sum of the magnetic and
data are fitted and the lines through the gravitational side forces. The noted

• phase data are predicted on the ‘ asis of disagreement between measured and
the amplitude matches. These flow--on data pred icted values of cos is again
are quite similar to the flow—oft data , attributed to high •

~ 
measurement error

Wi th the f low on , t h e pitch resonance where w0 is small.
freauency is reduced slightl~ due to tile
presence of the destabilizing aerodynamic
pitching moment , and the width of thre
resonance peak is sliqhtly increased due 

cimilar transfer function data andto aerodynamic damping . Also , the . 
- d fexcursion in th e heave ampl i tude near ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~pitch resonance is inverted. This 

R f 5inversion indicates  tha t  the aerodynamic e
• side force (primarily due to C5 I is

a

I I I 1 I I I I
- - --s

~~
t-*e x x--x

~x-w~~~ 
- - -

~~ - 
~~ O , _ _ - -

~~~~~~~~~• 0 0

I *

-I - — -I — —

001 Frequency I 04 0’0I Frequency f O’I

Figure 4 Pitch Transfer Function Figure 5 Heave Transfer Function
5-Caliber Model , Flow On 5-Caliber Model, Flow On
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STABILITY DERIVATIVES For the 7—caliber model , the measured
C value, with 1P% uncer tainty, is 30%

a
Deduced values of c , c , c + higher than its analytica l estimate and

Z m Z 10% above the mean of the othera a a
C an d C + C are listed in Tables 1 measurements. The Cm va lue, with 3%
Z m. nq a q U

and 2. Values of the axial force (negative uncertainty, is 15% below its anal y t ical
drag) coefficient , C~ , also measured in estimate and 10% bab y the mean of the
these experiments , are listed as well, other measurements. The C measurement ,
Analytical estimates and comparable with 2% uncertainty, lies he’€ween the two
measurements obtained elsewhere are also analytical estimates, one assumin g f ull y
included . The analyt ical est imates are t u rbu len t  and thc  oth er f ul l s ’  l a m i n a r
taken frost thie USAF DATCOM (Data  flow. This suggests a partiall” turbulent
Compendium ) (7) and , except for c~ are boundary layer over this longer model. The
based on an assumption of inviscid flow C + C measurement , with 25~mover a slender body. 110 comparable data a q
for C +C for ei ther  model could he u n c e r t a i n t y ,  is 2 5 %  g rea te r  than its

Z~ 2q anal ytical estimate. The c 
• 
+ c value ,

found in the literature , and comparable Z Z

C + C data could be found only for the with essentially 100% uncertaint2 is 3~)%m. mq of its analytical estimate . As already
5—caliber model. Also, none of these other mentioned , no com parable da ta f or C +

da ta are for  exa ct ma tches of M , Re, or m~
model shape. These parameter s are C or C + C for this model werem z • zreasonably close , however. q a q

found .

For the 5—caliber  model , the C z a CON CLUDIN G RE 1’ARk ~S
value, with 60% uncertainty ( lo• uncer ta inty), is 75% of the mean of other
measurements and 20% below its analytical The present experiments demonstrate
estimate; tite large uncerta inty for this the feasibility of mea s u r i n g  selected
measurement could readily explain either stability cleriyatives in this facility.
diff erence. The Cm va lue , ~--ith 33 They also illustrate son~ of the

u complexities involved and some tv;:ical
• 

• uncer tain ty , is 3% above the mean of other measurement uncertainty levels. tmor these
measurements and 10% above its analytica l models, they provide additional estimates
estimate. The C~ value , with 2% for some of the aerodynamic der ivatives

• uncertainty, canpare s well with its and entirely new e s t im a t e s  fo r  e t h e r s .
laminar analytical estimate , thus Since the main objective of these
indicating a fully laminar boundary layer experim ents was to measure pitchmne—monent
over this model . The c + c and p i t c h — d a m p i n g — m o m e n t  d e r i v a t i v e s  for

m m  these models , these d e r i v a t iv e s are morea q
• measurement, with  50% u n c e r t a i n t y ,  is 10% accurately determined than their side—
• below its ana1~ tical estimate and at least 

force counterparts. Also , from the
is of the same order of maqn i tude  as the  u n c e r t a i n t i es  cited in the  hr eviou s
other measurenen ts*. The C + c section , derivative estimates for the

z. Z
• a q larger model are more precise than those

measurement, with essentially 100% for the smaller model. This occurs because
unc er tain ty,  is 30% of its anal yt ical the models had nearly identical magnetic
est imate, and , as mentioned , no comparab le  forces and moment s while the aerodynamic
experimental data could be found , forces were larger for the lareer model.

___________ A p r incipa l f a c t o r  l i mi t i no
measurement accuracy in these expc-ririents

*The axial stations of the moment—reference 
~as an experimental uppe r limit on wind-

point for the C + C data from Ref.l3 tunnel dynamic pressure , above which them . ma q model could not be m a i n t ai n e d  in s ta l I c
d i f f e r  sligh t ly  from that  for  the present support .  This l imi t  ~‘as imposed by t he
data. The C + C data necessary to limited lateral force capability of t h ez. za q suspension apparatus. That is, due to
to convert these data are not available, slight angularities in the •- ind tun n el

‘1 Desp ite this lack , the C + C value for flow and in the model’ s magnetizationm’ m• a q vector (due to small , b ut a l ’-av s  p resent
the 155 mm She ll M lOl compares reasonab ly residual magnetism in the core) and , in
well wi th the present result. The par ticular , clue to t ime-variation of this
~ + c 

q 
value for the l/12—th scale angularity caused h~ flow tur lule nce andm~ on

slow rolling of the stodel, ab ~ove a certain
model , as suggested by the authors , is dynamic pressure the suspension sy stem ’ s

• apparently in error.
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Table I Data Comparisons , 5-Caliber Model

Model A B C D E F F c H ~ 
Presen t

Ref. (8) (9) (9) (10) (11) (12) (12) (13) (13) (7) Tests

RedxlO
s 4.4 5.0 5.0 6.4 5.3 2.2 2.4 2.1 1.8 0.13 0.13

M 0.15 0.2 0.2 0.26 0.5 0.2 0.4 0,6 0.7 0.07 0.07 
—

—1.98 —2.08 —2.42 —2.21 —1.8 —2.04 —2.04 —1.8 —1.8 —1.84 —1.5
±0,9

• C 
~ 4.19 1.75 2.05 3,7 4.31 4.91 4.51 4.09 4.01 3.28 3.6

• a ±0.1

C — — —  — — —  — — — — — —  — — —  — 0 . 1 4  — 0 . 1 3  — 0 . 2 5  — 0 . 2 1
x 

— 0.21~ 
±0.005

C +C ——— ——— — — —  — — —  — — —  — l O . 0 ~ 4 . 6 w — 3 . 6 3  3 3
n

& 
mq ±1.5

C
~ 

+C —— — — — —  — — —  —— — —8.27 —2.2
~ Z

q ± 2 . 0

A= 5 caliber Army-Navy Spinner Rocket with secant ogiye nose.
B= 4 . 4  cal.  with tangent  ogive nose.
C= 5 .9  cal .  wi th  tangent ogive nose.
D= 5 cal. with secant ogive nose.
E= 5.6 cal. with truncated conical nose , boat tail , and spiral grooves.
F= 3.8 cal. 20 mon Projectile with blunt conical nose , circumferential grooves,

and projections.
G= 4.5 cal. 155 mm Shell MlOl with tangent ogive nose , boat tail , and spiral grooves.
11= 1/12 scaled model of G.
I Analytical estimate for 5 cal. model with conical nose.
TAnout a point 3.4 calibers behind nose. ~Assuming fully laminar flow .

~Assuming fully turbulent flow. 
TAbOut a point 3 calibers behind nose.
aAbout a point 2.8 calibers behind nose.

Table 2 Data Comparisons , 7-Caliber Model

Model A B C D E F Present

Ref. (8) (8) (8) (9) (10) (7) feats

-

• 

Red
xlO S 4.3 7.3 7.3 5.0 6.4 0,13 0.13

- - M 0.15 0.25 0.25 0.2 0.26 0.07 0.07

Cz
c* 

—1.81 —2.53 —2.48 —2.76 —2.18 —1.98 —2.6±0.3

Cm t 6.58 6.17 7.42 6.97 5.87 6.97 5.9~ 0.l5

C — — -  — -— — -- — — —  —0 .269~ —0.22 3x 
—0 .209~ 

±0.005

Cm~
+C
mq

t 
— — -  — — —  — — —  — - —  —11.6 —14.6±3.0

C + C  ___ —~ 3,7 —4,1±4.0

A= 7 caliber Army-Navy Spinner Rocket with secant ogive nose.
8= 7 cal. with conical nose.
C 7 cal. with tangent ogive nose.
Da 7.1 cal. with tangent ogive nose.
E= 7 cal. with secant ogive nose.
F= Analytical estimate for 7—cal. model with conical nose.

CAbout a point 4.6 calibers behind nose. ~Assuminq fully turbulent flow .
Assum ing f u l ly  lam ina r f low .

• 7
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